Aim: Living high training low" (LHTL) is an exercise-training protocol that refers living in hypoxia stress and training at normal level of O 2 . In this study, we investigated whether LHTL caused physiological heart hypertrophy accompanied by changes of biomarkers in reninangiotensin system in rats. Methods: Adult male SD rats were randomly assigned into 4 groups, and trained on living low-sedentary (LLS, control), living lowtraining low (LLTL), living high-sedentary (LHS) and living high-training low (LHTL) protocols, respectively, for 4 weeks. Hematological parameters, hemodynamic measurement, heart hypertrophy and plasma angiotensin II (Ang II) level of the rats were measured. The gene and protein expression of angiotensin-converting enzyme (ACE), angiotensinogen (AGT) and angiotensin II receptor I (AT 1 ) in heart tissue was assessed using RT-PCR and immunohistochemistry, respectively. Results: LLTL, LHS and LHTL significantly improved cardiac function, increased hemoglobin concentration and RBC. At the molecular level, LLTL, LHS and LHTL significantly decreased the expression of ACE, AGT and AT 1 genes, but increased the expression of ACE and AT 1 proteins in heart tissue. Moreover, ACE and AT 1 protein expression was significantly increased in the endocardium, but unchanged in the epicardium. Conclusion: LHTL training protocol suppresses ACE, AGT and AT1 gene expression in heart tissue, but increases ACE and AT 1 protein expression specifically in the endocardium, suggesting that the physiological heart hypertrophy induced by LHTL is regulated by regionspecific expression of renin-angiotensin system components.
Introduction
Exercise training, like swimming and running, improves several aspects of human physical aerobic performance [1] . The most common exercise-training protocol has involved "living high and training low" (LHTL), and this has been adopted using low-oxygen gas mixtures to simulate altitude exposure with training at normal oxygen level [2] . The LHTL training protocol has been shown to enhance aerobic metabolism [1] [2] [3] . The adaptation of LHTL protocol may precondition the heart, induce cardiac hypertrophy and improve cardiac contractility [3, 4] . Although it is well known that exercise training can improve cardiac function [5] , the mechanisms responsible for this positive adaptation to exercise training remain obscure. Exercise training and pathological events can cause different types of cardiac hypertrophy and have contrasting effects on cardiac function [6] . An unresolved question in cardiac biology is whether different mechanisms are responsible for the development of pathological and physiological cardiac hypertrophies in the adult heart. Physiological hypertrophy is characterized by a normal organization of cardiac structure and enhanced cardiac function [7] , whereas pathological hypertrophy is associated with an altered pattern of cardiac gene expression, fibrosis, cardiac dysfunction, and increased morbidity and mortality [6] . However, few studies have investigated the effects of exercise training on physiological cardiac hypertrophy.
The molecular adaptation that we have addressed in our www.chinaphar.com Shi W et al Acta Pharmacologica Sinica npg study involves the renin-angiotensin system (RAS) gene and protein expression. The renin-angiotensin cascade begins when renin cleaves angiotensinogen to generate angiotensin I, and the vasopressor octapeptide angiotensin II is derived primarily from the action of membrane-bound or circulating angiotensin-converting enzyme (ACE) [8] . ACE, also known as kininase II, catalyzes the deactivation of vasodilator bradykinin (BK). In addition to endocrine RAS, RAS are now welldescribed in many tissues such as the myocardium [9] , skeletal muscle [10] and adipose tissue [11] . RAS play a variety of roles in regulating tissue growth, recovering from injury and metabolic responses.
A polymorphism of the ACE gene was described in which the absence (deletion or 'D' allele) rather than the presence (insertion or 'I' allele) of a 287-base-pair marker in intron 16 was associated with significantly higher ACE levels in circulation [12] , as well as in tissue systems, including the human myocardium [13, 14] . Previous studies have suggested that the I-allele was associated with fatigue-resistance [15] and elite endurance performance [16] , especially in hypoxic environments [15] . Meanwhile, ACE and its product Ang II play an important role in ventricular remodeling and improvement of cardiac function [17] . Given these findings, we predict that the changes in ACE expression may be adaptations responsible for the improved cardiac function resulting from the LHTL training protocol.
Materials and methods
Experimental animals, training protocol and tissue collection Sixty adult male Sprague-Dawley (SD) rats (6 weeks old, weight 200 g) with similar genetic backgrounds were used in our study.
The animals were bred and raised under pathogen-free conditions and a controlled ambient temperature of 20 °C, with 60%-80% relative humidity and a 12 h light/12 h dark cycle, in the laboratory animal services center of Beijing Normal University. All animal procedures were approved by Animal Investigational Committee of Beijing Normal University (Permit No SYXK2009-0010) under the control of Beijing Municipal Science & Technology Commission and performed in accordance with the guide for the Care and Use of Laboratory Animals published by the Beijing Municipal People's Congress standing committee.
All other rats were pre-trained for one week with the protocol of 20 m/min for 30 min/d and 5 d/week, and 40 animals with better physical performance were chosen for our living high-training low protocol. These rats were then randomly divided into four groups, each of which had 10 rats: group A, the control (living low-sedentary, or LLS); group B, living lowtraining low (LLTL); group C, living high-sedentary (LHS); group D, living high-training low (LHTL). Living high-training low refers to living in a hypoxic environment while training in an environment of normal oxygen concentration. In the living high-sedentary and in living high-training low groups, SD rats were placed in a hypoxic chamber and exposed to inspired oxygen at 15% (equivalent to an altitude of 3000 m) every night for 12 h. In the exercise-training group, SD rats ran on the animal treadmill at the speed of 25 m/min (represent 60% of V O2 ) for 1 h/d and 5 d/week for four consecutive weeks, the details of LHTL training protocol were described before [2, 18, 19] . After four weeks of training, the animals were anesthetized by injecting 0.1 to 0.3 mL pentobarbital sodium depending on the body weight (30 mg/kg) and their blood pressure was measured as described below. After that, the animals were perfused with 0.9% sodium chloride. The hearts were then isolated and weighed immediately after the perfusion, following by quickly snap-freezing the heart in liquid nitrogen.
Hematological parameters, hemodynamic measurement, and cardiac hypertrophy Blood samples were taken at 8:00 am on the Monday before training, as well as the second week and fourth weeks posttraining. Blood samples were drawn from the tail into EDTAcoated tubes. Whole blood was assayed in duplicate for hemoglobin concentration by spectrophotometer (GBC, Cintra 10e). Red blood count (RBC) [20] was determined with an blood cell arithmometer (ABX Micros 60, France) and blood glucose (kit from Nanjing Jiancheng Inc, Nanjing, China) was determined by the spectrophotometer (GBC, Cintra 10e) [21] . End systolic pressure was measured in anesthetized animals by carotid catheterization. Catheters attached to Statham P23Db pressure transducers were implanted into the abdominal aorta through the left femoral artery (PP-10 in PP-50, Portex Corp, Hythe, UK) and the signal was recorded by a Maclab 400 (AD Instruments, Castle Hill, Australia). After several minutes of stable recordings, the catheters were advanced through the aorta and into the left ventricle to measure the blood pressure in the left ventricle. The details of this method were described before [11, 22, 23] . The atria were removed and the ventricles were blotted dry and weighed to determine indices of ventricular hypertrophy. Ventricular hypertrophy was calculated by the heart weight/ body weight ratio [24] .
Determination of plasma concentrations of Ang II Plasma and cardiac Ang II concentration were assessed by a standard technique with a commercial radioimmunoassay kit (North Biotechnology Research Inc, China). Venous blood samples were drawn at 8:00 am in the Monday before training, as well as the Monday of second week and the fourth week. Animals are sacrificed and heart tissue samples were collected on the fourth week.
Real-time quantitative PCR
We isolated total RNA from 20 rat hearts (n=5 for each experimental and control group, because the gene expression and immunochemistry studies require different animals; five rats were randomly chosen for each study from the 10 rats in each group) using the TRIzol reagent (supplied by Shenggong Company, Shanghai, China). Total RNA was digested by RNase-free DNase (TAKARA, Dalian, China) to remove any The results were analyzed with the ABI 7900 HT sequence Detection System (Applied Biosystems Inc, Forster City, CA, USA). We used the delta-delta CT to determine the amount of gene expression, using β-actin as a housekeeping gene.
Immunohistoschemistry
We randomly chose five rat hearts from each group out of 10 totally and immediately immerse them in 4% paraformaldehyde (PFA, pH 7.4). The distribution of ACE and AT 1 antigen in the right and left ventricles was assessed after LHTL training protocol by immunohistochemistry using a monoclonal ACE and AT 1 antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA). Cryostat sections of frozen tissue were cut 10 µm thick and fixed in ethanol for 10 min at room temperature. ACE and AT 1 antigens were detected by biotinylated goat antirabbit IgG (Vector Biotechnologies LLC) at 1:1000 and then followed by an avidinbiotin-peroxidase complex (Vector Biotechnologies LLC) at 1:150. Color development was achieved by incubating with 3,3'-diaminobenzidine 4-HCl (DAB, Sigma).
Serial sections of hearts from control and experimental rats were processed together and stained with a range of primary antibody dilutions to allow comparison of signals between groups. Thus, ACE and AT 1 expression in any vessel could be defined in terms of the dilution of antibody at which the signal could still just be detected. For analysis, transverse sections of rat heart were stained with anti-ACE antibody or anti-AT 1 antibody as described above using a fixed antibody concentration of 0.5 mg/mL. After counterstaining, the sections were viewed under a 20× objective and all ACE or AT 1 -positive cells visible in 10 randomly selected fields were counted. Their number was expressed as ACE or AT 1 -positive cells.
Statistical analysis
Results were expressed as the mean±SEM. mRNA expression was expressed as the ratio of the target gene normalized to β-actin expression. Measurement of blood glucose and hemoglobin were analyzed by two-way ANOVA and Student t-test. The hematological changes, hemodynamic studies, and the expression of ACE, AGT, and AT 1 genes and proteins were analyzed by one-way ANOVA followed by multiple comparisons using Fisher's protected least-significant difference test. A P-value of <0.05 was considered statistically significant.
Results
Body weight, hematological parameters, blood pressure and cardiac hypertrophy are improved by LHTL protocol To determine the baseline condition of each subject, we measured body weight (Table 1 ) and blood glucose. There was a significant increase in the blood glucose levels of the LHTL group after two weeks of training compared to the LHTL group before training (6.59±1.11 mmol/L vs 4.9±1.15 mmol/L, n=10, P<0.05). The LLTL and LHS groups showed a significant decrease in blood glucose levels after four weeks of training compared to the same group before training (3.60±0.50 mmol/L vs 5.73±0.86 mmol/L, 3.96±0.45 mmol/L vs 4.90±1.15 mmol/L, n=10, P<0.05, Figure 1A ).
To determine the effect of the exercise training protocol on hematologic changes, we initially measured hemoglobin and red blood counts. Hemoglobin mass in the LHS group significantly increased after two weeks of training compared to the LLS group (158.77±10.38 g/L vs 125.84±15.71 g/L, n=10, P<0.05, Figure 1B ). Hemoglobin mass in the LLTL and LHTL groups significantly increased after four weeks of training compared to the LLS group (LLTL: 188.45±20.57 g/L vs 133.75±10.37 g/L; LHTL: 172.15±15.53 g/L vs 133.75±10.37 g/L, n=10, P<0.05, Figure 1B) . Hemoglobin in the LLTL and LHS groups significantly increased after four weeks of training compared to the same groups before training (LLTL: 188.45±20.57 g/L vs 138.77±18.57 g/L; LHS: 176.15±21.81 g/L vs 123.37±9.84 g/L, n=10, P<0.05, Figure 1B) .
The red blood cell counts in the LLTL, LHS, and LHTL groups increased significantly after four weeks of training compared to the LLS group (LLTL: 269.58±102. 40 Table 2 ), but there were no significant differences after two weeks of train- Figure 1C ). Meanwhile, there was a significant increase of Ang II in the LHTL group after fourth week of exercise training compared to before training (2085.44±65.99 pg/µL vs 850.70±199.17 pg/µL, n=10, P<0.05, Figure 1C ). This result is related with the ACE protein expression, which will be described below.
To determine the effect of exercise training on cardiac function, hemodynamic changes and blood pressure were measured as an indicator of cardiac contractility. We observed a significant increase in left ventricle systolic pressure (LVSP) of the LLTL, LHS and LHTL groups compared to the LLS group (LLS: 95.55±29.59 mmHg; LLTL: 135.87±11.67 mmHg; 
P<0.01 (analyzed by Student t-test).
We found significant interaction effects of various training time and protocol in the blood glucose, hemoglobin concentration and Ang II concentration by two-way ANOVA. Figure 2C ). There was a significant increase of mSP in the LHTL groups compared to the LLS group (LLS: 125.58±15.88 mmHg; LHTL: 165.07±9.85 mmHg, n=10, P<0.05, Figure 2E ). There was a significant increase of dp/dt max Figure 2A ), suggesting a positive adaptation of physiological hypertrophy (Figure 2A) . We compared the endocardium and epicardium of normal and exercised hearts histologically, observing the myocardial tissue in LLS control animals to be disorganized and scattered while the tissue in the LHTL hearts was observed to be continuous and well-organized ( Figure 3A, 3B) . Meanwhile, the epicardium was thicker in the control hearts as compared to the exercised hearts ( Figure 3C, 3D ) and the endocardium was thicker with enlarged left ventricles, indicating a hypertrophic adaptation to the LHTL exercise protocol ( Figure 3E, 3F) .
Decreases of the ACE, AGT, and AT 1 R mRNA levels in the LLTL, LHS, and LHTL group We observed a marked effect of hypoxia and exercise training on the expression of RAS mRNA in rat hearts after four weeks of training in the LLTL, LHS, and LHTL groups. The expression levels of ACE significantly decreased in the LLTL, LHS, and LHTL group compared to the LLS control group (P<0.05, P<0.01, n=5, Figure 4A ). The expression levels of AGT in the LLTL, LHS, and LHTL groups significantly decreased compared to the LLS control group, with the LHTL group showing the most significant reduction (P<0.05, P<0.01, n=5, Figure  4 ). The expression of AT 1 R mRNA significantly decreased in the LLTL, LHS, and LHTL group compared to the LLS control group (P<0.05, P<0.01, n=5, Figure 4C ).
Increased protein expression of ACE and AT 1 in the LLTL, LHS, and LHTL group We next examined by immunohistochemistry the relative protein expression levels of ACE and AT 1 R in the epicardium and endocardium. There were no significant difference in ACE and AT 1 protein expression levels in the epicardium (P>0.05, n=5) and significantly increased ACE and AT 1 protein expression in the endocardium of the LLTL, LHS, and LHTL groups compared to the LLS group (P<0.01, n=5, Figure 5, 6 ). The total protein expression levels of ACE in the LHS, and LHTL groups significantly increased over the LLS group (P<0.05, n=5), with the largest increase occurring in the LHTL group ( Figure 5E ). The total protein expression levels of AT 1 in the LHTL group significantly increased over the LLS group (P<0.05, n=5, Figure 6E ).
Discussion
We utilized an LHTL exercise protocol to assess the involvement of the RAS in physiological hypertrophy and cardiac function. In order to determine the effects of hypoxia and exercise training on these parameters, we initially measured several parameters related to cardiovascular function including hemodynamic parameters, heart/body weight ratio and hematological changes. Our exercise training protocol was [25] . In general, exercise training can improve vascular compliance [11] and improve myocardial contractility. The increase of dp/dt max in the LHTL group indicated that LHTL protocol can improve myocardial contractility. The mLVSP, mLVDP and dp/dt max in both LH groups significantly increased compared to the LLS group, but the LHS group increased much more than the LHTL group. These data suggested that LHTL training protocol mostly improved cardiac contractility without the negative effects caused by hypoxia that will excessively raise the blood pressure [23] . In addition, the improvement of cardiac function in the LLTL group was limited because only the mLVSP measurement was significantly increased compared to that of the LLS group.
It has been shown that in addition to the RAS, an intrinsic RAS existed in several diverse tissues, which may have clinical implications [26] . In the current study, we have presented evidence of the myocardial RAS and demonstrated that the ACE mRNA levels of all experimental groups (LLTL, LHS, and LHTL) decreased significantly when compared to the LLS control group. This decrease in the mRNA levels, however, was not related to the actual protein levels of the RAS protein molecules. This was likely to be due to the different time course of gene activation versus protein expression. The mRNAs for these molecules tend to increase early in the training and are transient [27] ; by the time we assayed the tissues (after four weeks' training), the mRNA levels had declined to protect against the negative effects of ACE overexpression [28] [29] [30] [31] . Thus, these data indicated that the LHTL training protocol markedly decreased ACE gene expression which some studies have suggested that down-regulation of ACE gene expression was beneficial for long-term exercise training [15] . Similar to ACE expression, the gene expression of AGT and AT 1 was decreased in the three experimental groups (LLTL, LHS, and LHTL). We speculated that ACE played an important role in the feedback mechanism behind the adaptation to the LHTL Figure 3 . Photomicrographs of myocardial layer in living low-sedentary (LLS) group and living high-training low (LHTL) group. (A and B) show the myocardial layer in the LLS heart array scattered and whereas the myocardial layer in the LHTL heart array appears well organized. (C and D) shows that the epicardium is thicker in LLS heart compared to the LHTL heart. (E and F) shows that the endocardium is thinner in the LLS heart compared to the LHTL heart. [27] . In addition, the over-expression of ACE can cause adaptive hypertrophy of the cardiac muscle, resulting in reduced cardiac contractility and various pathologies that can be reversed through the administration of ACE inhibitors [32] . Therefore, we speculated that up-regulation of ACE gene expression through short-term training could enhance the process of angiogenesis. Moreover, down-regulation of ACE gene expression after four-weeks of training would provide additional protection from further pathologic changes.
The most novel aspect of the study was the data pertaining to the localization of RAS proteins within the epi-and There is a significant increase of ACE expression in the endocardium of the LLTL group compared to the LLS group (gray; P<0.01, n=5). The total ACE expression is significantly increased in the LHTL group and LHS group compared to the LLS group. Data were expressed as means±SEM. [17] . In LHTL hearts, our results indicated a significant redistribution of changes in RAS protein expression. Protein expression level of ACE and AT 1 were lower in the epicardium compared to the endocardium, consisting of the myocardial capillaries and cardiomyocytes, which may be important in enhancing contractile performance. The heart/body weight and the photomicrographs demonstrated physiological hypertrophy observed after the training protocol. The endocardial and the myocardial layers in the LHTL group were thicker than those in the LLS controls, and these layers are essential for the improvement of cardiac contractility. We conclude that this unique distribution of ACE and AT 1 in the endocardium may be what helps drive the physiological hypertrophy by stimulating the hypertrophic growth of the cardiomyocytes. Thus, the LHTL training protocol promoted redistribution of ACE and AT 1 , leading to compensatory hypertrophy in the endocardium that was capable of enhancing overall cardiac function.
Previous studies suggested that ACE inhibitors were effective pharmacological agents for treating diseases such as hypertension and diabetes [33] [34] [35] [36] [37] [38] [39] . Moreover, it has been established that ACE inhibitors can reduce blood pressure [40] . The current study, along with several others in the literature [41] [42] [43] [44] [45] [46] , provided support for the notion that it would be advantageous to utilize exercise training instead of medicine to improve the function of the cardiovascular system. As our experiments suggested, the LHTL protocol could significantly decrease the ACE gene expression. Further research should address that these training protocols are viable supplemental treatments for hypertension. Although the possibility of exercisetraining therapy for hypertension had been raised by some previous studies [41, 42] , it has some difficulties to implement the exercise-training therapy, such as regulating training intensity and moderating the possible negative impact induced by exercise training. The LHTL protocol can reduce the intensity of exercise that is necessary for regulating blood pressure beneficially. Additionally, maintaining 15% oxygen can improve several aspects of cardiovascular function and the oxygencarrying capacity of hemoglobin [18] . Certainly further research is necessary to validate the possible beneficial effects of the LHTL training protocol for regulating hypertension. Lastly, positive effects of ACE inhibitors for treating diabetes have also been suggested, as it was shown that these drugs could enhance the transport of the glucose [47, 48] . Our blood glucose results in the LLTL and LHTL groups indicated lower glucose levels than those in the sedentary group, demonstrating that the LLTL and LHTL protocol can effectively reduce the blood glucose levels and may have therapeutic implications for the maintenance of blood glucose levels in diabetes.
Conclusion
The current study suggested that the LHTL protocol can improve cardiac function, increase hemoglobin concentration and increase RBC. At the molecular level, LHTL training protocol significantly reduced gene expression of ACE, AGT, and AT 1 , which are beneficial for the long-term adaptation of the exercise training. Compared to the LLS animals, LHTL protocol induced a higher level of ACE and AT 1 protein expression to the endocardium and increased cardiac ACE activity. Cardiac RAS gene regulation by LHTL protocol may be important for cardiopulmonary adaptation to chronic hypoxic stress during exercise training. Since high levels of ACE gene expression contributed to the early chronic elevation of blood pressure in human hypertension, LHTL protocol may be effective in treating this condition. Further work is required to explain the mechanisms behind gene regulation under the LHTL training protocol and to further define the relationship between ACE and cardiopulmonary adaptation to hypoxia with exercise training.
Abbreviations LHTL, living high and training low; ACE, angiotensin-converting enzyme; AGT, angiotensinogen; Ang II, angiotensin II; AT 1 , Angiotensin II type 1 receptor.
